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Galaxy clusters are the largest tightly gravitationally bound structures in the Universe. They are
abundant and uniformly distributed in the sky, which makes them excellent targets for studying the
history and properties of our Universe. They can be used to study some of the burning questions in
astrophysics and cosmology. For example, how have the large scale structures evolved from billions
of years ago to how we see them today, and what are the best values for parameters like matter
densities in our cosmological theories.
Photometric galaxy cluster surveys have been conducted for decades, but now is the dawn of large
scale spectroscopic surveys. Spectroscopy gives more precise redshift values for galaxies and galaxy
clusters than photometric observations, which in turn makes other astrophysical parameters like
mass estimation of galaxy clusters much more reliable.
The SPIDERS galaxy cluster survey is the largest X-ray detected, spectroscopic, visually validated
survey conducted to date. It improves the precision of galaxy cluster redshifts by a factor of 10.
The precision of redshift has a direct improvement on other distance related parameters calculated
by using galaxy clusters. The SPIDERS value added catalogue, which came out of the survey, is
a tremendous achievement and will benefit astrophysicists and cosmologist around the world. The
catalogue is the result of the work of the SPIDERS team of experts, and it is freely available online.
This thesis explains how the SPIDERS survey was conducted; it’s phases, algorithms and the science
behind it. I give many examples of the data processing and visual validation of targets, and explain
the results and the significance of having such a large and precise data set.
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1 Motivation for the thesis
Galaxy clusters are laboratories for studying processes operating during galaxy for-
mation and their effects on the surrounding intergalactic medium. They are abun-
dant and uniformly distributed across the sky so they can be used for studying
cosmological properties and the history of the Universe. ΛCDM theory predicts
that the abundance of clusters is determined by the spectrum of primordial per-
turbations and cosmological parameters λ and Ω. To study these parameters with
precision, large surveys with well defined mass functions are needed. Galaxy clusters
can be used to study the overall mass density of the Universe and the amplitude of
the initial spectrum of density perturbations in the early Universe. [1][2]
There is a tension between the reported values of amplitude of spectral fluctuations
in the present day (σ8) between different types of observations. Cosmic microwave
background surveys (Planck and WMAP) infer a higher value for σ8 than rich galaxy
cluster counts (SZ) and weak lensing surveys. [3] Studies of mass estimations of
galaxy clusters using different methods have found tension between estimates using
ΛCDM prior obtained from the cosmic microwave background (CMB) to other meth-
ods. In a study of dynamical mass estimates from Sunyaev-Zel’dovich (SZ) selected
massive galaxy clusters, that compared to a strong cosmological prior, mass esti-
mates were 81% of the compared values. These mass estimates were consistent with
other studies done using velocity dispersions, weak lensing and YX masses derived
from measured hot gas distribution in X-ray. [4]
Spectroscopic surveys are the best options for studying dynamical properties of
galaxy clusters in the optical spectrum. They are also essential for estimating many
other properties like X-ray masses or cosmological parameters, which need precise
distance measurements. Photometric surveys are good, but tend to suffer from
projection effects, because they cannot accurately measure the velocity space of the
galaxies, only their colors. [5] Also at higher redshifts, photometric observations
have large scatter that will affect precision. We are witnessing a time where large
photometric surveys are being done such as SDSS, PS1 and the future LSST survey.
Large spectroscopic surveys are slower to conduct, but surveys such as SDSS and
future 4MOST and WEAVE will change how astronomy is done. Validation is also
a major part of creating reliable samples and should be done for any creditable
catalogue. Large surveys are needed for statistically meaningful samples. In the
past, spectroscopic cluster samples have had some tens or a couple hundred clusters,
but this has now been changed with the SPIDERS (SPectroscopic IDentification of
eROSITA Sources) spectroscopic catalogue, which is the main focus of this thesis.
The final SPIDERS catalogue consist of over 2700 validated clusters in the redshift
range of 0.01 < z < 0.7. The SPIDERS catalogue can be used to answer some of
the burning questions in modern astrophysics and observational cosmology.
This thesis is constructed as such: in section 2 I introduce the background and
theoretical aspects needed to understand the thesis, in section 3 I explain the data
and methods of handling the data, in section 4 I explain what is done to the data
within the SPIDERS program and a short description of another project with the
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same data: substructure in the galaxy clusters, in section 5 I present the results, in
section 6 I discuss the meaningfulness of the results and the importance of having a




The ΛCDM paradigm is a widely supported theory of the evolution and structure
of our Universe. It answers to many questions which have baffled astrophysicists
and cosmologists for decades. There are few basic concepts, which describe our
Universe. First, we live in a Universe which is "flat" meaning that the geometry of
the Universe has no curvature. Everything started with a Big bang. The Universe
consists of baryonic (normal) matter; radiation; collisionless, "cold" dark matter
(CDM) and some form of repulsive force (Λ) that is responsible for the accelerating
expansion of the Universe. Cold dark matter refers to free streaming length of dark
matter particles being smaller than a protogalaxy, which leads to a hierarchical
building of large scale structures. [6]
The five cosmological parameters of the ΛCDM model are: the physical baryon
density Ωbh2, the physical cold dark matter density Ωch2, the dark energy density
in units of the critical density ΩΛ, the amplitude of primordial scalar curvature
perturbations ∆R2 at k = 0.002Mpc−1 and the power-law spectral index of primordial
density (scalar) perturbations ns. [7] In a ΛCDM Universe, baryonic matter or
"normal" matter is believed to have a density of 4.6% of critical density and a dark
matter density of 23.6% of critical density. The rest is dark energy. Critical density
is defined as ρcr = 3H20/8πG, where H0 is the Hubble constant at current time and
G is the gravitational constant. [6][5]
2.1.2 Other theories
ΛCDM isn’t the only theory that may be able to describe what we see when we
are looking at the evolution and observational properties of the Universe. Modified
gravity theories have been developed, where gravity behaves differently at different
scales. These theories have their supporters in the science community and should
not be overlooked, although they are not the favored theories of the majority. This
thesis does not take sides on the matter of preferred cosmological theory since it is an
observationally motivated study. However, galaxy cluster research is an important
tool that may be used to test different cosmological theories.
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2.2 Galaxy clusters
Galaxy clusters are the biggest tightly gravitationally bound systems in the Universe.
They contain from a few hundred to thousands of galaxies and have masses from
1014 to 1015 solar masses. Stars and other galactic matter contribute roughly a
tenth of the total baryonic mass and very hot 107K intracluster gas contributes
most of the rest of the baryonic mass in galaxy clusters. The majority of mass
in galaxy clusters is dark matter according to the standard cosmological model.
The formation of galaxy clusters is thought to happen hierarchically in the current
consensus under ΛCDM theory. Clusters merge together from smaller structures to
larger ones and are driven together by the underlying gravitational force. The term
for this is "growth of structure" and it plays an important role in understanding the
history - and future - of our Universe. [1] Observations of galaxy clusters have been
made in a whole range of wavelengths using different methods. In this thesis, the
focus is on two: optical and X-rays. A short description of these and some other
relevant mass estimation methods is given in the following subsections.
Galaxy clusters and groups have a whole range of different galaxies in them, but not
evenly distributed in them. Our local Universe consists mainly of irregular dwarf
galaxies and spiral galaxies. Bigger clusters also have many dwarf galaxies and spiral
galaxies at, but the majority of the stellar mass is observed in elliptical galaxies.
The difference between groups and clusters comes from their evolution.
The λCDM models predict that large clusters have larger dark matter subhalos
in them than groups. This will result in larger galaxies in them. The difference
in galaxy types comes also from the hierarchical model where galaxy groups come
together and make larger groups and clusters. In the process, galaxies interact with
each other and with the group’s potential well. This sets up bursts of star formation
due to infalling gas, which cools while it gets denser and that can then turn into
proto-stars if they reach a critical mass. In rich clusters however, when merging
clumps of galaxies start falling towards the core of the cluster, gas in the galaxies
and between the galaxies starts colliding with the vast amount of hot intracluster
gas in the cluster’s inner regions. This stripping prevents new star formation and
only the current stars in the galaxies are left. Therefore stars in the cluster galaxies
tend to be older than in groups or at the outskirts of clusters. The age of stars
correlates with their colors, so simplified: in the core of clusters, galaxies are mainly
red galaxies. [8]
At the core of galaxy clusters usually also lies a large elliptical galaxy. At the
bottom of the potential well of the cluster, galaxies are more likely to merge with
each other than at the outskirts of clusters. This results in the largest central galaxy
to grow faster than other galaxies in the cluster. As mass and brightness of galaxies
correlates, these central galaxies are also brighter than the rest of the cluster galaxies
and they are hence called brightest cluster galaxies (BCG).
BCGs are generally identified from photometric observations by taking the brightest
source matching the color of the cluster. More reliable identification can be done
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with spectroscopic observations, since it gives a more precise velocity offset from
the mean of the cluster. It’s not uncommon to misidentify BCGs in photometric
observations. They don’t always lie in the dynamical center of the cluster and in
some cases there may be more than one galaxy of similar brightness in the same
cluster. [9] Also using a cluster finder that’s based on colors of the galaxies, like a
red sequence finder (see section 3.3.2), the BCG may not be found, if it is a cool-core
galaxy and is having major star formation, which makes it bluer than the majority
of the cluster galaxies.
To get information about galaxy clusters and large scale structure, observations
are needed. For doing any statistical analysis based on observations, conducting
surveys is essential. For the purpose of testing cosmological theories with the help of
galaxy clusters, large numbers are a requirement, the larger the better. Estimating
properties such as X-ray luminosities, or masses for X-ray or Sunyaev-Zel’dovich
detected clusters, the distances to the object must be known. The same is true for
any cosmological properties regarding dark matter, dark energy or the evolution of
large scale structures: we need distances to the objects. Measuring redshifts is the
way to do this. Using photometric observations may be sufficient, but to do precise
estimations, spectroscopic observations are crucial. Large scale spectroscopic galaxy
cluster surveys are the future of galaxy cluster astrophysics and precision cosmology.
2.3 Mass estimation of galaxy clusters
There is no direct way to measure masses of galaxy clusters. Many different means
can however be used to estimate masses. Most common mass proxies are briefly
described in this section.
2.3.1 X-ray properties
Galaxy clusters have deep gravitational potential wells. The mass in clusters is
mainly dark matter, but the majority of the baryonic matter in galaxy clusters is
in the form of intracluster medium (ICM). ICM is plasma which consists mainly of
ionized Hydrogen and Helium. [8] Plasma in a gravitational potential well produces
thermal Bremsstrahlung - breaking radiation. Bremsstrahlung is the deceleration
of particles where the excess energy is emitted away as photons. At 107K temper-
atures the emitted photons are X-ray photons according to kBT = hν, where kB
is the Boltzmann constant, T is the temperature, h is the Planck constant and ν
is the frequency. [10] These hot clumps of gas are observable with modern X-ray
telescopes. In fact they are very prominent in X-ray surveys and are a valid method
for detecting galaxy clusters and also estimating the underlying mass of the clusters.
X-ray observations can be used to measure the ICM mass and temperature and from
those the total mass of the clusters can be estimated. This requires however, that
distances to the objects are known. Getting enough X-ray photons from thousands
of targets to measure their redshifts is not feasible with current equipment available,
so optical observations are needed for determining distances.
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2.3.2 Dynamical properties
Observations have shown that the velocities of the member galaxies and the tem-
perature of the intracluster gas are correlated. The intracluster gas is not associated
directly to the galaxies, but both baryonic components are indicators of the common
potential well. [1]
Objects in a common gravitational potential will trace the mass of the system with
their radial velocities and positions in the system. Velocity dispersion about the
mean of the velocity of the group of objects can be used as the method for mass
estimation of the system. This is called the dynamical mass of the system. It follows
from the virial theorem, which states that the total kinetic energy of the system can
be calculated from the radii and forces of the particles in that system. The base of
the theorem is in classical mechanics and has been around for a couple of centuries
by now.
Velocity dispersion is an excellent property to use for testing for example cosmolog-
ical theories, because it is local and does not depend on cosmological parameters
used. Even if some parameter changes, velocity dispersion is unaffected.
In the classical scheme the system is assumed spherical and isolated, which is a
rather simplified statement for galaxy clusters. Implementing velocity dispersion
to galaxy clusters works in principle if the system is "relaxed" ie. the velocity
distribution of member galaxies follows a Gaussian distribution. This is mostly not
the case. Galaxy clusters are not usually completely relaxed; they may have heavier
than normal Gaussian tails; have substructure; may contain galaxies that are still
on their first orbit in the system or they can be interacting or merging with other
clusters. This all means there is a need for some other type of estimator. [11]
Better estimators have been developed for velocity dispersion for astronomical pur-
poses. For example, the bi-weight estimator and the gapper estimator, which use
different center location and scale compared to the mean and dispersion of the clas-
sical velocity dispersion. A more detailed description of these methods can be found
in section 3.6.
2.3.3 Richness
Richness is an important attribute of galaxy clusters and it is used widely in astro-
physics and cosmological research. Richness is essentially the number of galaxies in
a galaxy cluster. But we can’t detect all the galaxies even in our local Universe,
so other definitions must be used. Abell was the first to construct a proper galaxy
cluster catalogue with a richness measurement in 1958. His definition was to count
all galaxies within 2 magnitudes from the third brightest galaxy inside an area with
radius of 1.7’/z, where z is the redshift. [12] Other methods have been developed
over the years. A well defined iterative richness estimation called redMaPPer rich-
ness - which is used as the richness estimate in SPIDERS also - is introduced in
section 3.3.2. In estimating richness, many things must be taken into consideration
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such as accuracy of redshift measurement, finding a correct center, understanding
foreground/background galaxy density and projection effects.
The value of estimating richnesses of galaxy clusters is that it’s an observational
measurement which is related tightly to the mass of the cluster. Knowing the mass-
richness relation of galaxy clusters is one of the means to constrain cosmological
parameters at different epochs of time.
2.3.4 Caustic mass estimation
Caustics mean the in-fall patterns of galaxies in galaxy clusters. These patterns are
present in almost all rich X-ray luminous clusters at low and moderate redshifts.
The identifiable trumpet shape is visible in redshift-radius diagrams. Figure 1 has
an example of ensemble clusters where multiple clusters have been stacked together.
The solid lines show the caustic shapes and the galaxies inside are almost all cluster
member galaxies. Galaxies outside the caustics have escape velocities likely too
high to stay in the clusters for extended periods. The total bound masses for the
clusters are estimated using the escape velocities and assuming spherical symmetries
of the clusters. To reliably estimate the caustic masses, some hundreds of spectra
are needed. [13]
2.3.5 Weak lensing
In Einstein’s theory of general relativity, light and time are affected by gravity. A
massive object has a massive gravitational potential which can bend and magnify
the light coming from behind it. This effect is called gravitational lensing and it
happens on all scales if we can just get precise enough observations. Single massive
objects like black holes can create strong gravitational lensing or even rings around
the object. In galaxy cluster astrophysics, lenses are more often massive galaxies
or clusters instead of single objects, where the effects are much more subtle. This
is called weak lensing. What is measured in weak lensing studies is shear. Shear
is the difference of compression or expansion in radial versus tangential directions
in the image that we see. In other words the surface brightness does not change,
but the area that the image of the source takes on the sky is different depending on
the shear. In practise, weak lensing surveys study the shapes of galaxies compared
to their neighbours and estimate statistically the masses and shapes of the lenses.
Mostly weak lensing masses correlate well with X-ray observations, but there is
scatter from non-relaxed clusters, where intracluster gas is heated up by the colliding
gas particles, and also from projection effects, where there may be more than one
galaxy cluster acting as a lens. [8]
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Figure 1: Example of caustics in ensemble clusters, where multiple clusters have
been stacked together according to their X-ray luminosity quartiles on the left and
M200 quartiles on the right side. X-axis has projected radius and y-axis has the
velocity offsets from the cluster center. The solid colored lines indicate the caustic
mass profiles. Galaxies inside the area are very probable cluster member galaxies and
outside most likely not tied to the cluster gravitational potential. Luminosity/mass
is decreasing from the top to the bottom if the figures. [13]
2.3.6 Sunyaev-Zel’dovich
The Sunyaev-Zel’dovich (S-Z) effect was named after two astrophysicist from the
Soviet Union who studied the effect in papers released in 1969 and 1972. The S-Z
effect is the inverse Compton scattering of the cosmic microwave background (CMB)
by ICM. When CMB photons pass through massive galaxy clusters, they encounter
very energetic electrons in the gas of the cluster. They scatter with the electrons and
gain energy from the encounters, which shows in the CMB background as slightly
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hotter areas. Since the distortion of the CMB spectrum traces the temperature
of the ICM, and the temperature correlates with mass, the S-Z effect can be used
to detect galaxy clusters and to estimate their masses. S-Z observations need to
be backed up by distance measurements from optical observations. Photometric
observations may be sufficient, but getting spectra of the clusters will give more
precise redshifts. [14]
2.4 Spectroscopic properties of galaxy clusters
Optical emission in galaxy clusters comes mainly from the galaxies in them, and
the optical emission in galaxies comes mainly from the stars in the galaxies, so we
have to know what the spectra of stars are like in order to know about the spectra
of galaxy clusters. In this thesis the spectroscopic interest is in elliptical galaxies,
since they are the main component in clusters besides the inter galactic medium
(IGM). I have chosen an example from the SPIDERS data of a elliptical galaxy
residing in a cluster at redshift z = 0.44 (SPIDERS ID: 1_10157), which can be
seen in figure 4 and a heavily smoothed and zoomed in portion of it in figure 5. In
the figures, restframe wavelengths are shown at the top and observed wavelengths
at the bottom. The spectrum is showing many emission and absorption features as
well an underlying continuum emission. The details of the spectrum are explained
in the next subsections.
2.4.1 Cluster galaxy continuum emission
The main feature of a normal, old, red main sequence star residing in an elliptical
galaxy, is a black body continuum spectrum determined by the surface temperature
of the star. Figure 2 shows a template of a typical G type star that can be expected
to be found in elliptical galaxies. The spectrum is a black body, peaking roughly
around 5000 Å. The spectra for an elliptical galaxy is an integration of all it’s gas and
stars, which at intermediate redshifts are typically some Gyr old red main sequence
stars - similar to the sun - and red giants. There can be some star formation going,
but a lot of the gas in galaxies is stripped by the cluster gas when galaxies plunge
to the central parts of clusters, which will effectively prevent star burst events in
galaxies. In SPIDERS, the galaxies are targeted from red sequence galaxies (see
section 3.3.2), so the spectra are by default mainly those of red galaxies. [8]
2.4.2 Emission lines
Emission lines from stars are weak. The strongest emission lines come from very
hot stars like O and B stars. Since these are blue giants, they have hardly any
contribution to the emission from elliptical galaxies. Weak emission lines from red
stars are buried in the noise if we are observing further than our solar neighbourhood.
Merely looking at the G type star in figure 2, it is clear that it is not showing any
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Figure 2: The spectrum of a typical G type star is a black body continuum peaking
around 5000 Å with absorption lines. G type stars and other red and old stars
dominate the spectrum at intermediate redshift elliptical galaxies. [15]
emission lines, which would stand out, so we don’t expect to see them at redshifts
z > 0.1 either.
There are many emission lines in observations though. Many of these come from the
Earth’s atmosphere and they are usually called sky emission, airglow or sky spectra.
Airglow at night time happens when energy gathered from the Sun is released high
in the atmosphere (80 to 110km high). When UV photons arrive from the Sun,
they hit particles in the atmosphere causing atoms to excite or ionize and molecules
to dissociate. When the Sun sets, the atoms and molecules start going back to
their ground states and recombining, and in the process releasing the excess energy
as photons. Common sources of emission lines are for example recombining O2,
relaxation of OH vibrational states, many sodium molecule reaction, etc. Figure 3
shows the median airglow of the BOSS spectograph taken from data gathered in
the years from 2009 to 2017. (Read more about BOSS in section 3.2.1.) Since the
atmosphere is in constant motion due to winds, density variation and other local
conditions, sky emission has changes at different time scales from seconds to years.
Also differences in the Sun’s activity affect sky emission lines. [16]
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Figure 3: BOSS median airglow taken in the years from 2009 to 2017. [16]
In figure 4, strong sky emission lines are clearly visible at both blue and red ends
of the spectrum. Both figures 4 and 5 are also showing the strong atomic oxygen
transition at 5577 Å and the sodium D doublet at 5889 and 5895 Å. [17]
Figure 4: Spectrum of a galaxy at redshift z = 0.44. The black line indicates
observed spectrum and the red line is the model spectrum of a suitable galaxy. At
the top is the resframe wavelengths and at the bottom the observed ones. The
green lines mark up the usual spectral lines found in galaxies. The main feature is a
underlying continuum, with a lot of absorption and emission lines. The absorption
comes from stellar atmospheres, ISM, IGM, and the Earth’s atmosphere. Most of
the emission lines are sky emission or other noise which are especially significant at
both the red and blue ends of the observed spectrum.
2.4.3 Absorption features
Absorption of photons from stellar origin happens in different mediums from stellar
atmospheres to intergalactic gas and dust, and all the way to the Earth’s atmosphere.
This section describes the main features of absorption from different origins.
The main identifying absorption features to look for in red galaxies are the 4000 Å
break and Ca II H and K lines. Less important, but still possibly visible features are
the Balmer break and many specific absorption lines, that I will go through next.
The 4000 Å break is a drop in intensity at restframe wavelength λ < 4000 Å. It is
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Figure 5: Heavily smoothed spectrum of a galaxy at redshift z = 0.44. The image
has been zoomed in to show especially the Ca II K and Ca II H lines and the 4000
Å break. Details are the same as in figure 4.
created by absorption of high order Balmer series lines and many different metals at
stellar atmospheres. The strongest lines are calcium lines of Ca II K and H at 3969 Å
and 3934 Å. The effect is intensified in old star populations, where metallicities are
higher. Also noteworthy is that the ratio of Ca II K and H lines can tell about the
age and metallicity of the stellar population. When the Ca II K line is stronger than
Ca II H, then the old stellar population is dominating the spectrum over younger
stars and vice versa.
The Balmer break is produced by multiple absorption lines of the Balmer series at
wavelengths λ < 3650 Å. It is present in most galaxies, but is less visible in old
stellar populations like in elliptical galaxies. Figure 6 has an example of two galaxy
spectra, where both the 4000 Å and Balmer breaks are visible. The black solid line
shows the spectra of a very red galaxy with an old metal rich stellar population and
the dotted line shows a much bluer galaxy with younger stars, including O and B
giants. The Balmer break is very clear in the bluer galaxy, but it is hard to detect
in the red one. The 4000 Å break with Ca II K and H lines on the other hand is the
most visible feature in the red galaxy, where it is not so noticeable in the bluer one.
G-band absorption at 4295 to 4315 Å can be seen clearly in figure 4. The name
G band is a relic from the turn of the 20th century and comes from a German
astronomer Fraunhofer who studied the Sun’s spectrum and named the absorption
lines with letters. The feature is a combination of many spectral lines, most of which
belong to the CH molecule in stellar atmospheres. [19] Sun like stars are plentiful
in elliptical galaxies so it’s logical to expect G band absorption to be found in their
spectra as well.
Mgb lines from 5154 to 5197 Å are present in metal rich stellar populations. The
amplitude depends also somewhat on the age of the stars. Hβ from 4848 to 4877 Å
is the opposite to Mgb, because the line depends mostly on the age and in a lesser
capacity on the metallicity of the stars. Both lines are visible in the example galaxy
spectrum in figure 4
Na I D absorption line at 5891 Å to 5896 Å is produced by the interstellar medium
(ISM). The same medium is responsible for overall reddening of galaxy spectra. Tiny
dust particles and gas are hit with photons, which heats up the medium and photons
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Figure 6: Balmer and the 4000 Å breaks in two different galaxies. In black solid is
a typical red elliptical and in the black dotted line is a much bluer galaxy. [18]
scatter with lower energy than the original. This is called extinction and it happens
in all galaxies. Variations in extinction depend on how much dust is between the
object and observer. [18][8]
2.4.4 Redshift related spectral properties and observational limitations
Besides extinction from dust which logically increases with increasing space between
the object and observer, there are also other effects from distance, or more specif-
ically from the expansion of the volume of space between. Redshift happens when
wavelengths lose energy in the expansion as 1 + z = λobserved/λemitted, where z is
redshift and λobserved and λemitted are the observed and emitted wavelengths.[8] All
electromagnetic radiation moves to longer wavelengths, meaning the light from dis-
tant clusters becomes redder. For example, the 4000 Å break moves into 10000 Å
at redshift z = 1.5. Infrared observations can still be done from specific places on
Earth, at high altitude deserts and mountain ranges, but it is difficult due to the
opacity of the atmosphere. Around 10000 Å, it becomes very challenging to observe
with ground based optical telescopes. Figure 7 shows the quantum efficiencies for
filter bandpasses of the SDSS Apache point telescope, which is where the optical
data for this thesis comes from. In the figure it is easy to see that 10000 Å is at the
edge of the possible wavelength range.
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Figure 7: SDSS filters. The upper curves correspond to optical throughput of the
filters and the lower curves to expected atmospheric extinction with airmass of 1.2.
QE on the y-axis stands for quantum efficiency, meaning the sensitivity of the CCD.
[20]
The other aspect of limitations due to distance to the object, is that apparent
brightness F of objects drop according to F = L/(4πd2), where L is luminosity
and d is the distance to the object. [8] Objects become too dim to be observed
with reasonable integration times and with Earth based telescopes. This apparent
brightness limit happens at lower redshifts than the redshift limit due to reddening
described earlier in this section, so the apparent brightness limit is the main distance
related limitation for observing galaxy clusters. The limits of optical ground based
observations in SDSS-IV and SPIDERS for clusters without major activity like AGN
are around z = 0.7 and even those will be the most massive clusters. This can be
seen from figure 8, which represents the CODEX cluster sample i-band magnitudes
at different redshifts (see section 3.4 for details of CODEX). Also shown in the figure
is that the majority of clusters are at i-band magnitudes under 20 and the limits are
roughly at magnitude 21.
The concentration of galaxies within the virial radius r200 has no significant trend
in redshift. The luminosity function does not change much with redshift either. It
also has a similar shape for different masses of clusters, but the smaller clusters of
course have less galaxies in them compared to very massive clusters, which logically
decreases the chance of observing them. [21][22]
14
















Figure 8: The i-band photometric magnitudes versus photometric redshift in the
CODEX cluster sample. The limiting i-band magnitude for these observations is
roughly 21 with the majority of clusters detected at brighter than 20 mag.
3 Data and methods
3.1 SPIDERS program
SPIDERS stands for SPectroscopic IDentification of eROSITA Sources. SPIDERS
is an observational program with the primary goal of doing spectroscopic follow up
of extragalactic X-ray selected sources. SPIDERS obtains spectra of both extended
sources and point-like sources. A target list for SPIDERS clusters comes from the
CODEX catalogue photometric observations (see section 3.4 for CODEX). [10] The
point-like sources are mainly active galactic nuclei (AGN) which will not be covered
in this thesis.
SPIDERS was planned for following up of sources detected with the X-ray telescope
eROSITA. The X-ray sources for SPIDERS come from an old X-ray survey: the
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Figure 9: Pipelines and validation procedures for making the SPIDERS value added
catalogue
ROSAT all-sky survey. These were the likely first pass X-ray detections of eROSITA.
As the launch of eROSITA was delayed many times from the original launch date
in 2014 to 2019, the sources have not been available for SPIDERS catalog as was
the plan and ROSAT remains the source of galaxy cluster X-ray detections. More
about the X-ray data used in this thesis will be covered in section 3.4. Details of
the optical data can be found in section 3.2. Observations for identifying optical
counter parts for the X-ray sources are done with the Sloan Digital sky survey
(SDSS) imaging data. As a short description, an algorithm called the redMaPPer
(described in section 3.3.2) was run to identify over-densities of galaxies at the
same photometric redshifts, creating the CODEX catalogue optical counterparts.
These were matched to the X-ray sources and then probable member galaxies were
assigned to be observed by SDSS with the BOSS spectrograph mounted on their
telescope at Apache Point observatory. The main survey is called eBOSS which
stands for extended Baryonic Oscillation Spectroscopic Survey, where SPIDERS is
a sub-program (see section 3.2.1 for eBOSS). eBOSS conducted reductions on the
spectroscopic data through their own pipeline. Figure 9 provides an overview of the
different pipelines and procedures from observations to the final SPIDERS cluster
catalogue.
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The SPIDERS program produced a value added catalogue which was released to
the public as a part of SDSS-IV final data release. Compared to photometric cluster
finding methods like redMaPPer, spectroscopic observations can disentangle line-
of-sight projection effects based on the galaxy redshifts. Details of the automated
process are given in section 4.1. This automated process is not enough however and
the data needs to be validated. Validations are done by people with the help of
an online tool. The validation process is explained extensively in section 4.2. The
final redshift estimate for the cluster is given by the bi-weight average of member
galaxy redshifts. See section 3.6.1 for the details on the bi-weight method. Sta-
tistical uncertainties ∆z are estimated with a bootstrap re-sampling of redshifts.
The uncertainties are typically ∆z/(1 + z) . 10−3 for a median number of member
galaxies Nmem = 10. [10]
3.2 Optical data: Sloan digital sky survey (SDSS)
The Sloan digital sky survey is one of the most extensive surveys in astronomy.
SDSS routine operations started in 2000 and are still continuing. SDSS uses a 2.5
meter telescope situated at the Apache point observatory in New Mexico, USA.
Instruments used at the telescope are a 250 megapixel CCD camera and a fiber-
optic spectrograph. Imaging is done in multiple optical bandpasses: ultraviolet (u),
green (g), red (r), near-infrared (i) and infrared (z). (See also figure 7.) So far SDSS
imaging covers a third of the sky. Image data is free to the public.
Spectral imaging started in 2009 with the Baryonic oscillation spectroscopic survey
(BOSS) instrument. Current generation of SDSS is SDSS-IV (2014-2020), which
includes among others the eBOSS program in which SPIDERS is a sub-program.
3.2.1 extended Baryon Oscillation Spectroscopic Survey
Within SDSS there are different programs. One of these is the extended Baryon
Oscillation Spectroscopic Survey (eBOSS). The survey’s main science goal is to map
out the epoch when the Universe switched from gravitationally bound deceleration
to the current accelerating expansion of the Universe. Main science questions for
eBOSS are related to constraining dark energy, growth of structure, evolution of
quasars at high redshifts and constraining neutrino mass.
eBOSS observations concentrate on red galaxies and quasars up to redshift z = 3.
The observations for SPIDERS clusters lay in the redshift range from z = 0.01 to
z = 0.7. The galaxies in clusters are not all high luminosity galaxies, which is why
they start disappearing from view at higher redshifts and also start to shift from
optical wavelengths into the infrared range as redshift increases, the further we look
into history. Luminous red galaxies and emission line galaxies may be observed up
to z = 1.0 and z = 1.1 respectively and quasars in the range 0.8 < z < 3.5. There
are no previous large spectroscopic surveys in this redshift range so eBOSS fills a
gap and will be part of making a more complete data set in conjunction with other
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Figure 10: eBOSS program. Image credit: Dana Berry / SkyWorks Digital Inc. and
the SDSS collaboration.
surveys. [23]
Observations have been made in 2014-2020 at a wavelength range of 3600-10000
Å. The BOSS instrument used for eBOSS uses custom made fiber-optic plates.
Each observation plate has 1000 fibers placed manually into holes drilled in specific
design patterns according to where the targets are in the sky. The fiber allocations
are divided between SPIDERS clusters and AGN, The Time-Domain Spectroscopic
Survey (TDSS) for variable objects and main eBOSS targets. Fibers can only be
at a certain distance from each other. The aperture of a fiber for eBOSS is 2"
and minimum distance between fibers is 62". Some areas of the sky are gone over
more than once, so there can be multiple passes over single SPIDERS clusters.
The targeting scheme for SPIDERS is explained in section 3.5 The redshifts of
the galaxies for SPIDERS are obtained from the automated eBOSS pipeline which
identifies targets from the shape of their spectra. It is quite straightforward, since
the galaxies all fall into the same red, passive galaxy types. The spectra show clear
absorption features like the 4000 Å break, Ca II K and H, G-band and Na D lines,
which are identified and redshift is calculated from their wavelengths. See section
2.4.3 for details of the absorption features. [10][23][24]
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3.3 Finding clusters in data
Galaxy cluster finding algorithms in general search for some form of overdensity of
mass. Whether it’s counting photons (X-ray) or the change in CMB temperature
(SZ), counting optical targets or examining the bending of light (weak lensing)
depends on the method. In this section I will introduce two specific methods that
were crucial for making of the CODEX catalogue, which is the base for the SPIDERS
cluster catalogue targets.
X-ray sources are found by searching for photon overdensities. Many kinds of sources
show X-ray emission in varying scales and energies. Galaxy clusters are not point
sources, but spatially extended if the resolution and sensitivity of the instrument
is sufficient. To find galaxy clusters from the data, a good option is to map out
the overdensities in different scales, and the ones with wider profiles than the point-
spread-function of the instrument, can be called extended. A specific technique for
finding galaxy clusters, called the wavelet detection algorithm, is introduced in the
following section 3.3.1. [5]
Photometric galaxy cluster finding methods all count galaxies. This basic idea
can be achieved by running simple algorithms. The main issue with photometric
overdensity counts is that they may count random projection effects. For example,
many small galaxy groups who just happen to be in the line of sight, appear as a
rich galaxy cluster. To counter this major problem, estimating redshifts is usually
the answer. Some methods use estimated redshifts for each galaxy, some work in
color space, comparing different filter bands to estimate redshifts of the galaxies or
clusters. It’s not straightforward though, because galaxy clusters are not all the
same, some have starburst galaxies or spiral galaxies and they may be experiencing
in-fall or mergers. These affect the colors of galaxies and morphologies of galaxy
clusters and since photometric redshifts are derived from the difference of emission
in different filter bands, having very varying colors in galaxies will affect the results.
However, it has been found that almost all galaxy clusters share one type of galaxies:
old, red, early type elliptical galaxies. To find these red ellipticals, only two filter
bands of observations need to be taken as long as the trademark of early type
ellipticals - the 4000 Å break - is visible. This technique is called the red sequence
method. [25] The one used for finding CODEX clusters is developed from this basic
idea and it’s called redMaPPer. Details of the algorithm are given in section 3.3.2.
It’s also possible to do blind spectroscopy in search of galaxy clusters, but the effi-
ciency of such methods may be questioned since spectroscopy takes more observation
time than photometry and the chance of observing foreground or background objects
is quite obvious.
3.3.1 Wavelet detection algorithm
Wavelet detection algorithm was created to find X-ray sources from data. The idea
of the wavelet detection is to have a convolution with a kernel that consists of a
positive core and an outer negative ring, with the integral of the kernel over the x,
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y plane being zero. A general form for a kernel is given in equation 1, where r is
the radius and the scale a = 1/2b is varied to the wanted values. An example of
how the wavelet detection works is shown in figure 1 where the kernel is convoluted
with a Gaussian s(r) = exp(−r2/2σ2). In figure 11(a), is an image with two objects
of different scale overlapping each other. A simple detection algorithm works well
to find a single object, but with multiple objects in the same image only the higher
peak would be discovered like in figure 11(b) even with multiple scales. With a more
advanced wavelet detection, objects are found as local maxima in the convolved
images and an iteration of detections are reduced from the original image. This
cleaning process is continued on all the wanted scales and at the end both sources
are modelled instead of only the stronger point source, see figure 11(c). In 11(d) the
smallest three and largest three scales are summed and the final model achieved. In
addition to finding sources, the algorithm also gives the scale of the sources, which
can be useful for determining the type of the source. AGN are point sources and










Rykoff et al. have developed a complex iterative method for finding clusters of
red sequence galaxies in a large amount of photometric data. They have named
it Red-sequence matched-filter probabilistic percolation cluster finding algorithm
(redMaPPer). RedMaPPer works with photometric colors, using two or more filter
bands of data in search of the most prominent feature in early type elliptical galaxies,
the 4000 Å break, where the flux coming from the galaxies changes significantly. It
performs efficiently with self-training from an initial small spectroscopic training set.
It can run on very large data sets with a broad redshift range across several filters,
and gives membership probabilities to all galaxies. It also has a richness estimator
that is designed to minimize scatter, which is needed for cosmological studies. First,
I will describe the richness estimation and after that the cluster finder.
Cluster membership probabilities are calculated with:




where x is a vector of observable properties explained later in the text, λ is the
number of galaxies in the cluster (ie. the richness of the cluster, see section 2.3.3),
u(x|λ) is a density profile of the cluster, which is normalized to unity, and b(x) is
the background and foreground density of galaxies not belonging to the cluster.




Figure 11: Example of how wavelet detection works on simulated data. 11(a) shows
the simulated data. 11(b) is how a simple wavelet detection has only found the
strong point source in a multiple component image. Using a more complete wavelet
algorithm, like in 11(c), is advantageous as it shows how an iterative process can
clean the image, finding both sources in the data. In 11(d), the three smallest and










where Rc is the cluster radius estimate. Rc is not any standard overdensity radius




where R0 = 1.0h−1 Mpc and β = 0.2. Richness is solved numerically by minimizing




The x in the previous equations contains three observational properties of the galaxy
in question: the radial position, the luminosity and the color. These three properties
are included into the vector using filter functions: two dimensional cluster galaxy
density profile Σ(R), the cluster luminosity function φ(m) and the χ2 distribution
with ν degrees of freedom ρν(χ2), where ν is the number of colors.











(x− 1)/(x+ 1). The core density is assumed constant and the radius is
truncated at the cluster radius Rc.




where α = 1.0 and m∗(z) is a polynomial that has two forms depending on which
side of redshift z = 0.5 the object is:
m∗(z) =

22.44 + 3.36 ln(z) + 0.273 ln(z)2
−0.0618 ln(z)3 − 0.0227 ln(z)4, if z ≤ 0.5
22.94 + 3.08 ln(z)− 11.22 ln(z)2
−27.11 ln(z)3 − 18.02 ln(z)4, if z > 0.5.
(8)
The luminosity function is normalized to unity at cutoff luminosity and characteristic
magnitude: 0.2L∗, and m∗ 1.75 mag.
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ρν(χ
2) describes the difference of the galaxy model color to the observation, given
the i-band magnitude and redshift. The usefulness of the χ2 distribution is that
it is a single variable instead of the full color vector, which may have 5 or more
filter bands. Using a single variable makes the computation less time consuming.
In the following equation 9, c is the galaxy color vector, c|z,mi) is the mean of the
red sequence model color at the wanted redshift z and i-band magnitude mi. The
scatter and correlations of the galaxy colors about the mean are taken into account
in the covariance matrix Cint and the photometric error of the galaxy is described
in the error matrix Cerr.
χ2(z) = (c− (c|z,mi))(Cint(z) + Cerr)−1(c− (c|z,mi)) (9)







where ν is the number of colors used in the color vector.
The three filters function are joined into a single filter function through:
u(x) = [2πRΣ(R)]φ(mi)ρν(χ
2) (11)
where 2πR is needed to get the probability density distribution of Σ(R).
The background, meaning all non cluster member galaxies, is estimated as a uniform
density: b(x|z) = 2πRΣ̄g(mi, χ2|z) where Σ̄g(mi, χ2|z) is the galaxy density given
the i-band magnitude and χ2 distribution at the appropriate red sequence model
redshift. The mean galaxy density is estimated by making a grid of model galaxies,
which are brighter than 0.1L∗, in χ2 and i-band magnitude space with a redshift
spacing of 0.02. Then calculating χ2 for all galaxies of the catalogue and binning
them with a well-known grouping algorithm called cloud-in-cells. The binned galax-
ies are then divided by the survey area and placed into the grip. Then finally the
galaxy number density is normalized by the width of each color and magnitude bin.
RedMapper also accounts for magnitude and geometrical limitations of clusters and
the occasional bright stars or other artefacts as masked areas. The estimate of
number of masked galaxies is done by Monte Carlo sampling of an appropriate model
galaxy cluster and getting the mean of galaxies which are found in the masked area.
This is then applied to the richness estimate of the observed red sequence cluster.
I describe next the cluster finder phase of RedMaPPer. The algorithm starts with an
initial set of spectroscopic "seed galaxies", which are taken from prior observations
(for example SDSS Data release 8). These galaxies are often the bright central
galaxies of clusters. First, redMaPPer searches for similar color galaxy overdensities
around these seeds in a single color. With SDSS data the appropriate filter band in
redshifts below 0.35 is the g-r band and for redshift above 0.35 the r-i band.
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As a first estimate of a red sequence, the spectroscopic seed galaxies are placed in
redshift bins of width 0.025, then estimating with a Gaussian fit the mean and the
intrinsic width. Galaxies within 2σ range from the estimated mean are considered
red. The binned galaxies are used to find the mean color-redshift relation. The
means are then used to find the width of the color-redshift relation and finally a
clean sample of seed galaxies can be chosen within 2σ from the calculated mean of
the model color at the spectroscopic redshifts. This process gives a full color-redshift
model from spectroscopic redshifts as seen in figure 12. The black dots are the seed
galaxies, the red dashed line is the model fit, the red dots are the mean colors at
redshift intervals of 0.1 and the blue dash-dotted line indicates redshift z = 0.35
where the divider for the 4000 Å break is located in the SDSS filter colors. It’s easy
to see the scatter increases considerably on both of the "wrong" sides of the filter
4000 Å break line.
Figure 12: Example of a redMaPPer red sequence model from spectroscopic seed
galaxies. The black dots are the spectroscopic seed galaxies, the dashed red line
indicates the found model and the red dots are points of median color placed every
redshift 0.1 from the start of the sample. The blue dash-dotted line indicates the
redshift point z = 0.35 where the different SDSS filter colors (g-r or r-i) can be used
to sample the 4000 Å break. [26]
In the next phase of the algorithm, single color red sequence memberships are de-
termined with the help of the seed galaxy color-redshift model. A color box with a
width of 2σ and radial range of 500 h−1 kpc is selected around each spectroscopic
seed galaxy. The σ width for galaxies with z ≤ 0.35 (SDSS color g-r) is 0.05 and
for z ≥ 0.35 (SDSS color r-i) it is 0.03. Red sequence is then fitted to these galaxies
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and a single color richness is estimated. Membership probabilities are calculated
with equation 2 for overdensities found with a richness λsinglecolor > 10. This single
color is achieved by using a slightly different full color filter with ν =1 instead of
the χ2 described in equation 10. Photometric galaxies with a membership proba-
bility pmem > 0.7 (see equation 2) are given the seed galaxy redshift at this stage.
This calibration is important to sample also the lower magnitude galaxies, since the
spectroscopic seed galaxies tend to be the brightest of their clusters. This stage
produces a training sample with an accurate amplitude, tilt and scatter of the red
sequence for the next calibration phase.
The next phase produces a final model with all available filter colors at the full
range of redshifts and magnitudes. To make sure only red galaxies are sampled
instead of blue, a color cut is made at a 1.5σ range, where σ is the median absolute
deviation from the color median. To avoid biases on scatter with the exclusion on
blue galaxies, the cut is implemented also in the likelihood function. Galaxies with
membership probabilities pmem > 0.7 are taken and a new fitting procedure is done.
To get a result, an iterative process must be done, as the membership probabilities
depend on the red sequence parameters (amplitude, tilt and scatter) and the red
sequence parameters depend on membership probabilities. The iteration converges
quickly and only after 3 iterations the calculated richness is affected only by σ <
0.1. At this point all member galaxies are still associated with the spectroscopic
seed galaxies.
To go from red sequence clusters determined using seed galaxies to estimating prop-
erties of actual photometric clusters, an accurate redshift determination is needed.
To do this, an initial redshift of the central galaxy needs to be estimated. The




+ ln | dV
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where χ2 is defined in equation 9 and the term dV
dz
is included because the volume
of space is larger at higher redshifts. The likelihood is maximized along a redshift
grid to find the best central galaxy candidate redshift value. This is applied as the
initial redshift guess for the cluster redshift.







where C is the covariance matrix of galaxy color properties and w is the weight of
each member galaxy such that w is between 1 and 0:
w(pmem) =
1
exp[(p70 − pmem)/0.04] + 1
(14)
where p70 means the threshold probability which accounts for 70% of the total
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richness and the 0.04 is where the redshift distribution width is set. Using weights
is preferred instead of a hard cut to overcome instabilities in the iteration and a
70% is chosen so that the same fraction of galaxies is used regardless of redshift
or richness. Using a hard pmem cut would lead to less galaxies making the cut at
higher redshift, because of the noisier photometric data leading to lower membership
probabilities.
Richness and membership probabilities are calculated at each step. High member-
ship probability galaxies are chosen (p70) and new redshift value is estimated with
the maximizing the likelihood of equation 13. This iterative process is continued
until it converges to less than ∆z < 0.0002.
Centering a cluster is important for an accurate richness estimate and especially
for cosmological implementations with the resulting catalogue. Miscentering is a
known issue for redMaPPer, but there isn’t a better algorithm developed for it so
far. Miscentering occurs mostly if the central galaxy (CG) of the cluster is having
massive star formation, which makes it too blue to be considered for red sequence,
or the center is chosen as a red foreground galaxy.
Centering is done as an iterative process like redshift estimation. The initial guess
for a CG is simply the brightest galaxy with a membership probability of at least
0.8. Each galaxy is estimated to achieve a probability Pcen and Psat to be a central
galaxy or a satellite galaxy. The filter functions for centering are a magnitude and
richness dependent luminosity filter (φcen), a Gaussian photometric redshift filter
(Gcen(zinitial)) and a local galaxy density filter (fcen(w)), which gives weights to
galaxies depending on their radius from the center, luminosities and membership
probabilities. Satellite and foreground galaxies get their own similar functions. In
the same initial iteration, the filter functions get a first estimation. The subsequent
iterations are done by maximizing a likelihood function that is based on filter func-
tions for the three different galaxy types possible: the central galaxy, satellite galaxy
and the foreground/background galaxy.
The overall process of cluster finding is pictured in the flow chart in figure 13. In
the first pass, possible galaxy cluster centers are mapped, first with generous cuts
in χ2(zinitial) < 20 and L > 2.0L∗, and then demanded that at least 3 suitably red
galaxies are found for each overdensity. Cluster initial redshifts and richnesses are
calculated for the candidates. Likelihood sorting takes place next. Likelihoods are
calculated with:
lnL = lnLλ + lnLcen (15)
where the centering likelihood is:
lnLcen = ln[φcen(mi|zλ, λ)Gcen(zinitial)fcen(w|zλ, λ)] (16)








where S is a scale factor, which is a correction term for estimated fraction of galaxies
masked out at the current redshift.
The amplitude of the richness likelihood is usually much larger than the centering
likelihood. When two candidate central galaxies have similar richness likelihoods
then the centering likelihood becomes meaningful in the outcome of the most likely
center.
Figure 13: Flow chart for the redMaPPer cluster finder. [26]
Next phase is the percolation of the likelihood ordered galaxy cluster candidates.
Candidate clusters are taken as input and calculated for richness and redshift. Cen-
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tering is done and a new estimate is calculated for richness and redshift according
to the new most likely center. Member galaxy lists are updated according to their
membership probabilities and unlikely centers with pmem > 0.5 are removed from
the current cluster (but they can still be part of other candidate clusters).
The result of the finished algorithm is a red sequence selected galaxy cluster cata-




















Figure 14: This figure shows the eBOSS chunks which have at least one target
common with SPIDERS. Each circle is representing an observation plate of 3 degrees,
with 1000 optical fibers. The blue lines are the boundaries of the BOSS optical
imaging area and the black dashed line is the divider between German and Russian
halves of the sky of eROSITA data. SEQUELS is part of the SPIDERS catalogue,
but it was observed already earlier in SDSS-III and has more overlap than the rest
of the chunks.
3.4 CODEX catalogue: link between X-ray and optical data
The CODEX (COnstraining Dark Energy with X-ray) program is a survey where
faint X-ray sources from the ROSAT all-sky survey (RASS) were selected and the
redMaPPer algorithm (described extensively in section 3.3.2) was run with SDSS
photometric imaging data to search for optical counterparts for the objects.
The ROSAT x-ray satellite flew 30 years ago and was the first satellite to perform
an all-sky survey at 0.1-2.4 keV energy band. Main observations were done from
1990 to 1991 and covered most of the sky. Some missing patches were observed later
in 1997 and ROSAT was turned off in 1999. [28].
RASS data release 3 is the basis for the X-ray data used in making the CODEX
catalogue. It has 41 square degree count rate maps and background count rate
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maps, which have some overlap, for several different energy bands. An example of
a background count rate map is in figure 15. Average depths for the whole sky are
400 seconds. Lowest fluxes possible for RASS, reach 10−13 erg s−1 cm−2. Only a
few photons are needed for a reliable detection due to extreme sensitivity and low
background of the telescope. [28][29]
Figure 15: RASS full-sky background count rate map for energy band 0.4 - 2.4 keV.
Figure 16 shows the X-ray sensitivity within the SPIDERS footprint in equatorial
coordinates. Sensitivity is slightly better in the northern sky as indicated with blue
color in the figure. Some areas have worse sensitivity colored in gray and red, but
these are fairly small patches and the overall area can be considered uniform. [30]
For finding CODEX sources from RASS data, the wavelet detection algorithm de-
scribed in section 3.3.1 was used. Threshold for detection was set to 4σ, which is
close to the lowest possible threshold. Detections can be as low as 4 photon counts.
The search for X-ray sources was done in different scales from 1.5’ to 12’. Then
the small scales and large scales detection catalogues were merged and duplicates
removed. Sources with offsets below 3’ are considered duplicates. The reason for
using different scales is to make sure all possible sources are found like in the exam-
ple described in the wavelet detection algorithm section 3.3.1. Using larger scales
than 12’ may result in false sources from background variations, and are not used.
Estimation of cleanness of the catalogue is 0.998. In a million sources, there were
53 false detections calculated from probability. 90% are AGN and 10% are galaxy
clusters.
Optical counterparts were identified at the source areas with the redMaPPer pho-
tometric red-sequence code, described in section 3.3.2. The highest richness areas
were chosen within the redshift range 0.05 > z > 0.8. Best optical center - BCG
of the cluster - was identified within 400 kpc of the X-ray center. Richnesses were
calculated in two positions: one at the X-ray center and one at the optical center.
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Figure 16: RASS sensitivity within the SPIDERS footprint. The survey area is
5350 square degrees. On the left is the norther galactic cap and on the right, the
southern galactic cap. The round dots are the SDSS fiber plates each one 3 degrees
in diameter. There is a higher sensitivity in the northern galactic cap area marked
with blue and some local low sensitivity regions in gray where the data was mostly
unusable, but in general the area is very uniform. [30]
CODEX catalogue is concentrated on the faint sources in RASS data, because all
large studies done before it were focused on the bright sources. For photometric
identification, 10 members were chosen as the minimum amount of galaxies for con-
sistency, as other redMaPPer catalogues have used the same in the past. As one
can guess, this limit results in a rising richness with redshift since the likelihood
of observing smaller galaxies drops with increasing redshift (as explained in section
2.4.4). Figure 17 shows the photometric sensitivity of the CODEX survey. It is
quite uniform in the whole 5350 square degree area. The area is the same in both
figures 16 and 17. The round dots are the SDSS fiber plates which are 3 degrees in
diameter. [30]
Doing scientific work with the CODEX catalogue is already possible: With a redshift
to assign to the X-ray sources, one can estimate local X-ray properties of the clusters,
like X-ray luminosity and mass of the clusters. For SPIDERS, the contribution of the
CODEX catalogue was to serve as a starting point to assign targets for spectroscopic
observations through membership probabilities.
3.5 Targeting scheme for SPIDERS
X-ray sources were selected from the RASS faint catalogue that were within the full
eBOSS footprint area. The goal of SPIDERS was to observe all the counterparts
with optical spectroscopy which had not yet been observed. Optical targets to be
observed using spectroscopy within the SDSS-IV were chosen from the CODEX
catalogue described earlier. The highest probability members were assigned to have
a fiber in the SDSS-IV fiber plates. There were 1137 fiber plates, each with 3
degree diameter, observed in the duration of the program. Each plate had 1000
fibers connected to the BOSS spectrograph. Only a small fraction of the fibers were
allocated to SPIDERS and the majority to eBOSS targets, but since SPIDERS
targets are much more rare on the sky than eBOSS targets, they were given high
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Figure 17: SDSS photometric i-band sensitivity within the SPIDERS footprint.
The survey area is the same 5350 square degrees as for the X-ray data in figure 16.
Similarly on the left is the norther galactic cap and on the right, the southern galactic
cap. The round dots are the SDSS fiber plates each one 3 degrees in diameter. The
survey photometric sensitivity is quite uniform although the limiting magnitude is
lower in the southern sky. [30]
priority. There is overlap in the observations so dense target areas could have more
fibers than the minimum distance of 62" between fibers would otherwise allow.
Typical galaxy clusters in the redshift range of the SPIDERS survey range a few
arcminutes in the sky. Red sequence galaxies tend to concentrate at the centers of
clusters according to their luminosities, so it’s important to have overlapping plates
to get an adequate number of luminous galaxy spectra for each cluster. [10][30]
SPIDERS spectra was done quite uniformly within the area. Two chunks had slightly
different targeting strategy. For chunk eboss3 the fiber allocation was denser regard-
ing SPIDERS targets to accommodate the higher sensitivity in RASS data for that
area. And for chunk eboss20, seen in figure 18 as pink circles, the targeting had
extended cluster centered radii to up to five times the virial radius for a few selected
targets. This was done so that part of the data could be used for caustic method
mass determination. See more about caustics in section 2.3.4. Figure 19 shows
the X-ray flux curves plotted against sensitivity. Except for chunk eboss3, they are
almost uniform. [30]
3.6 Velocity dispersion methods
3.6.1 Bi-weight
The bi-weight variance estimator has been available for astrophysicists for a few
decades. It has been tested extensively and has been found to be a robust (meaning
the estimate stays about the same when the distribution from which the data points
are drawn is varied) and resistant (meaning the estimate stays about the same when
a number of data points are replaced by other values) estimator for sample variances.
The bi-weight variance is:
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Figure 18: A map of redMaPPer red sequence members in gray and spectroscopic
eBOSS targets in blue in the chunk eboss20. This part of the sky is part of stripe82,
which was observed more than other areas of the survey, so it has more targets
for SPIDERS. The image is a zoom of figure 14 at declination 0 degrees and right
ascension 23h. The red circles indicate 5 times the virial radius of the clusters in













(1− u2i )(1− 5u2i ) (19)





where MAD is an acronym for median absolute deviation, MAD = median(|vi− v̄|).
Using median instead of mean makes the formula more resistant to interlopers,
because if there are any, they are found at the minimum and maximum values and
do not affect the median like they do the mean. 9 is a tuning constant that seems a
good value for balance of efficiency in velocity dispersion calculations according to
previous studies.
Bi-weight scale estimator works well for sample sizes of 15 members or more. It starts
failing at lower member numbers if the distribution has any significant deviation from
a Gaussian distribution. It is the recommended scale estimator for galaxy clusters
with at least 15 members and is used in SPIDERS and this thesis for those. [11][31]
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Figure 19: X-ray flux in the 0.5-2.0 keV band in the different chunks of SPIDERS
survey area plotted against normalized sensitivity. Except for better sensitivity in
chunk eboss3, they are quite uniform. [30]
3.6.2 Gapper
The gapper scale estimator is a different kind of estimator compared to many other
ones. It is based on the gaps in an ordered sample, where weights are given to the
data points according to their location on the ordered list.
Gaps are defined as:
gi = vi+1 − vi, i = 1, ..., n− 1 (21)
and weights as:
wi = i(n− i) (22)








The gapper method is resistant to interlopers and performs better than other meth-
ods in small samples if the distribution is non-Gaussian. Detailed simulations and
studies have been conducted in the past, which recommend the gapper method for
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sample sizes of lower than 15. Although for samples of n = 5 or smaller the values
may be questioned, but this is true for all methods of scale estimation. In general,
scatter increases when the sample size decreases. [11][31]
4 Analyzing data
4.1 Automated spectroscopic cluster finding process
To alleviate manpower from a very tedious process of going through all observations
by hand, an automated process is used before the validation of the objects in the
cluster catalogue. The SPIDERS sample contains clusters with a range of redshifts
from 0.01 to 0.7, which have a variety of different masses and velocity dispersions.
To accommodate this, a broad selection is used to pick up cluster candidates from
the observations.
The process starts from a bi-weight average of all members of the red-sequence
galaxies, which have a spectroscopic redshift. All candidates with a velocity offset
of more than 5000 km/s are rejected. This limit is higher than studies usually have,
which is to make sure a larger number of the cluster galaxies are included. Then an
iterative process is run with a 3σ clipping of the average velocity dispersion until
it converges or 10 iterations are done. Velocity dispersion method depends on the
number of members. Bi-weight variance is used for members > 15 and Gapper
velocity dispersion for members < 15. See sections 3.6.1 and 3.6.2 for details of the
methods. [10]
4.2 Spectroscopic cluster validation
The automated pipeline for cluster member selection and cluster redshift determina-
tion works well. Most objects can be validated as they come out from the pipeline.
More complex cases need an educated person to inspect what qualifies as a validated
cluster, how multiple components are handled, which galaxies are included in the
cluster and what is considered contamination. To ease the validation process the
SPIDERS team has developed a online web tool which is called the screening web
interface.
The screening web interface has a multitude of options to help the user make edu-
cated decisions. Figure 20 has an example of plots that the web interface has to offer
for a well sampled cluster. Plots available directly in the screening interface are the
following; 20(a) a ”membership probability” plot with spectroscopic redshift reduced
from the redMaPPer cluster redshift, 20(c) a ”projected distance to centre - velocity
offset to central redshift” plot, two sky position plots 20(b) and 20(d): one with
all available spectra and one with currently selected members, 20(e) a spectroscopic
redshift histogram and 20(f) a ”velocity offset to central redshift” histogram. The





Figure 20: The SPIDERS screening web interface plots for galaxy cluster 1_10183:
(a) logarithmic membership probability plot with spectroscopic redshift reduced
from the redMaPPer redshift; (b) ”projected distance to centre - velocity offset
to central redshift” plot; (c) sky-plot with all available spectra; (d) sky-plot with
currently selected members with color-coding; (e) spectroscopic redshift histogram;
and, (f) ”velocity offset to central redshift” histogram. The colors in plots 20(c) and
20(d) indicate velocity offsets to the normalized zero point which in this case means
the bi-weight average of the member velocities. Green in plot 20(e) means galaxies
and blue is for QSO’s. Blue in histogram 20(f) means the currently selected members
and gray the non-selected ones. Circles in the sky-plots indicate the estimated
distances from the center position.
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culated probability to be a part of the cluster on the x-axis. It highlights members
selected for the cluster and highlights specifically the suspected BCG of the cluster.
Bad galaxy spectra are flagged. On the y-axis is spectroscopic redshift with the
redMaPPer redshift as zero. redMaPPer redshift errors are also shown in the plot.
In the ”velocity offset - projected distance” plot, only selected members are plotted.
X-axis has the projected distance to the chosen center in units of Mpc and the y-axis
has a velocity offset to the central redshift in units of km/s. Galaxies are colored
with regards to their velocity offsets from the bi-weight average (marked with a blue
solid line), which helps in visualizing the target. Blue dashed lines are the velocity
dispersion values (±1σ). There is a sky positions plot with all spectra from the
plate and highlighting the possible BCG. Origin on the plot is set on the chosen
center and-axis units are in arc minutes with zero at the center. The second sky
position plot is compiled in the same manner as the first one, but only with selected
member galaxies, which are colored with the same color coding as plot 20(c). To
help the user, there are also concentric circles to indicate estimated distances from
the center. The spectroscopic redshift histogram shows the number counts from the
plate under investigation. Galaxies are colored with green and quasi stellar objects
(QSO’s) are colored with blue. The velocity offset histogram shows number counts
of galaxies in each bin. Units are in 103 km/s with the zero point being the bi-weight
average of the member galaxy redshifts.
Users can check information about the target in tabs directly on the screening in-
terface (see figure 21). Information menu in figure 21(a) includes richness at the
optical centre (BCG), richness at the X-ray centre, redMaPPer and spectroscopic
redshift of the cluster (bi-weight average), optical and x-ray center coordinates, ob-
servation status in the next menu (figure 21(b)) with information of what survey
the galaxy spectra are from. The third menu tab in figure 21(c) shows the currently
selected member galaxies and maybe most importantly the velocity dispersion and
spectroscopic redshift calculated with the current selection. Velocity dispersions are
calculated with two methods: The Gapper method and the bi-weight method. The
Gapper method is used when there are less than 15 members and the bi-weight
method is used for calculation of at least 15 members. In the last top menu tab (fig-
ure 21(d)) is shown the current velocity clipping parameters that can be re-calculated
in the side menus which are described below.
Additional information can be accessed through menu options. In figure 22 are all
the available menu tabs. In the informations menu in figure 22(a) users can open up
a page for all the galaxies that have been observed from the current target. The page
shows detailed spectra of the galaxy in question with a large variety of well known
spectral lines included in the plot. It is possible, but generally not necessary to
change the redshift of the galaxies and set notes and other details. Also available is
a link to the legacy survey interactive images. In the cluster redshift menu in figure
22(b), the user can assign the cluster redshift to be equal to any member galaxy
redshift, to use redMaPPer redshift or the user can set one manually. By default it
is the bi-weight average of the member galaxy redshifts. In the cluster center menu,






Figure 21: The SPIDERS screening web interface information menus for the exam-
ple cluster 1_10183: (a) information about the cluster; (b) observation status; (c)





Figure 22: The SPIDERS screening web interface side menus for the example cluster
1_10183: (a) informations about the cluster and selected members; (b) redshift
assignment for the cluster; (c) center position for the cluster; (d) cluster members;
(e) velocity clipping analysis; (f) update; and, (g) save
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galaxy assigned from the pipeline, to the x-ray center, to any member galaxy or the
user can set coordinates manually. Default is the optical center. Cluster member
galaxies can easily be added or rejected from a list of all available galaxies in the
target in the cluster members menu pictured in figure 22(d). The visual screening
web interface has an option to select members for velocity clipping analysis, as
can be seen in figure 22(e). The user can include members manually or use different
parameters which consist of initial width (default value 5000 km/s), σ value (default
value is 3.0) and maximum iterations (default value is 10). Initial redshift can be
assigned by selecting a galaxy, bi-weight average of clip list, redMaPPer photometric
redshift or one can be set manually. After setting desired parameters and clip list,
the user can launch computation or restore initial values. After any changes, the
cluster properties must be updated from the update menu in figure 22(f). When
the user comes to a decision, it is time to save results. The save menu is shown
in figure 22(g). If the user has determined that the sample in question is a valid
cluster and the members chosen belong to it, the user will choose ”validate” from
the save tab and save the results. Sometimes the cluster is a valid cluster, but there
may be multiple components. The redMaPPer pipeline may have produced a set of
galaxies which are part of different close by clusters or there may be contamination
from galaxy groups. In this case, the user can choose to split the cluster into two or
more components. This can be done by writing a suffix to a text box and saving the
results separately. If the components are roughly equal: within 25 percent of each
others member count, the chosen suffix is ”EQUAL” with a index number after it. If
there seems to be a cluster and contamination from groups, then the chosen suffixes
are ”MAIN” for the main component and ”PROJ” for projection effects, again with
an index number attached if necessary to the projected objects. We made a general
guideline to only split clusters if they all are clear cases. A good example of splitting
an object into two components is give in figures 26 and 27 where there is a clear
gap between the two components. The gap can be seen in the plots where velocity
offsets are visible: 26(a), 26(c) and 26(f). After splitting the object from one to two
components the calculated velocity dispersion drops severely. Before splitting the
velocity dispersion is σ = 1493.7 km/s and after splitting, for the main component it
is σ = 383.9 km/s. The redshift of the cluster also changes, but not so dramatically
from z = 0.4578± 0.0038 to z = 0.4593± 0.0007.
The targets are not all validated, but can also be un-validated by the user. This
happens mostly due to insufficient observations ie. there are not enough galaxies
within reasonable velocity space and sky positions from each other. The minimum
number of members, for a cluster (or component) to be validated, is 3. In figure 23,
there are only 2 galaxy spectra in the member selection, so it cannot be validated. In
some cases there may be 3 or more galaxies in the target selection, but their velocity
offsets are very large, for example 4000 km / s from the cluster center value, in which
case the confidence for the target to be a real cluster drops. Such a case is in figure
24.
At rare occasions the automatic pipeline fails to find a cluster, even if it is possible to
validate it. One example of a case like this is in figure 25, where there are 3 members
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(a) (b)
Figure 23: Example of a un-validated cluster 1_10403. With only two members
observed, this object does not qualify to be saved as a validated cluster.
(a) (b)
Figure 24: Example of a un-validated cluster with id 1_11922. This object has 3
members observed, but only two are in reasonable velocity distances from each other
to be considered in belonging to the same cluster.
in a reasonable velocity-distance space from each other. The pipeline failed in the
allocated number of iterations to converge on the actual target. In this case the user
can pick out the necessary members and validate the cluster.
Every user validating clusters has their own personal process of decision making.
Here I describe the main aspects of the validation process in a general manner.
The membership probability plot is useful for showing velocity offsets from the
redMaPPer redshift for the object, but also it shows well the individual galaxies’
offsets from the cluster and especially it shows well if there are multiple components
in the sample, if they are sufficiently far from each other. See example in figure
26. What is sufficiently far, depends on the scale of the plot, but it is in the
area of redshift separation of 0.01. The ”projected distance to centre (Mpc)” plot
shows initially the suggested cluster from the pipeline, where maximum velocity
offsets from bi-weight centre are 5000 km/s. Components can also be seen in this




Figure 25: Example of a automated pipeline failure of cluster with id 1_7452 in
25(a). This object can be validated, because there are 3 members in a reasonable
velocity-distance space. The user must pick out the 3 members and validate the
object. The redshift of the validated cluster in 25(b) becomes z = 0.5757 ± 0.0019





Figure 26: The SPIDERS screening web interface plots for galaxy cluster 1_10157.
This object has two components, which the automatic pipeline fails to catch, because
they are so close to each other.The solid blue vertical lines in plots 26(a) and 26(c)
show the bi-weight average redshift for the combined object, but in both plots a gap
between galaxies is visible. Looking at histogram 26(f) the gap is even more clear
to see. The redshift for this combined object is z = 0.4578±0.0038 and the velocity





Figure 27: The SPIDERS screening web interface plots for galaxy cluster 1_10157
after selecting only the main component. The redshift is now z = 0.4593 ± 0.0007
and the velocity dispersion is σ = 383.9 km/s. Two of the six available plots are not
repeated as they are the same as in figure 26
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where there may be interactions or even mergers between the components and the
users must decide if these should be classified as different components or one. In
these cases it is useful to look at the ”velocity offset from zcen ” histogram. In
this plot the user can see the overall state of velocities in the object and whether
the object follows a Gaussian curve, which is usually the defining factor of a relaxed
cluster. A good example of a velocity histogram following a Gaussian is seen in figure
20(f). Gaussianity is a sign of dynamical equilibrium and it is not a requirement for
validation, but it helps the user with decision making. Multiple components should
in general have a clear gap in the histogram. If the gap is not clear, the object should
not be split into components. There are however many aspects to consider especially
with high redshift and/or poorly sampled objects. In the objects with only a few
galaxies observed, the users must decide whether the objects can be validated at all
(see figure 25). In these cases the user can look at the ”velocity offset from centre
(Mpc)” plot to see if the galaxies are close to each other in velocity space and in the
second sky position plot if they are close to each other in sky coordinates. If neither
is true then the object is likely to be un-validated. Richness plays a significant
role in the decision making. Rich clusters are expected to have wider caustic mass
profiles than smaller richness clusters due to their overall mass differences. If there
is a large difference in richness’s at the optical centre versus the X-ray centre, it can
be an indicator of contamination (all though ROSAT data is not very precise due
to its large point spread function). Understanding caustic mass profiles for a range
of optical richness is very helpful. Users must use their own knowledge and insight
to decide how to treat every object, especially when the member counts are small
at higher redshifts where the spectra available becomes scarce due to observational
effects.
After all inspectors have finished their validations, it is time to put together the
results of the evaluation period. All inspectors have equal votes and a majority must
agree on the status of each candidate cluster - either validated or un-validated. The
redshift values need to agree within their 95% uncertainty range. The validations are
gone through by a moderator, who will run a script to detect disagreements between
the votes and also find if inspectors split a cluster into multiple components. If there
is no consensus, then those targets are put to the side and wait for more inspectors
to vote on them. After all the candidates have gotten a majority vote, there is
a conciliation round, where statistics for each cluster are put together. Inspectors
may have chosen different members for the clusters, so each galaxy is given a weight
according to how many inspectors chose it to belong in the cluster. All redshifts are
then averaged as well as velocity dispersions and uncertainties. A redshift spread is
computed as the standard deviation of the inspectors’ cluster redshift values, where
the amplitude depends on the inspectors agreement on membership galaxies. [32]
Figure 28 shows all the spectroscopically validated (black dots) and un-validated
(yellow dots) candidate clusters from all the evaluation runs that were done. The
figure is plotted with spectroscopic redshift zλ,OPT on the x-axis and redMaPPer
determined photometric richness λOPT on the y-axis. The red line following λOPT =
15 ∗ ζ(zλ) presents roughly the limit where clusters have enough observed member
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galaxies to be validated. ζ(zλ) is a redshift dependent photometric depth correction
factor for richness estimation which relates to the redMaPPer SDSS data magnitude
cutoff at m∗+ 0.75 (see equation 8 for definition of m∗). The difference between
the plotted properties of the validated and un-validated candidate clusters is quite
evident from the figure as the majority of low redshift clusters were validated on the
left side of the red line even at low richness, and at higher redshift on the right side
of the red line only high richness clusters got validated status. [29][32]
Figure 28: Validated and un-validated candidate clusters richness and redshift space.
The black dots are validated clusters and the yellow dots un-validated clusters. The
red line is the rough divider for the two possible statuses. See text for the details of
the line. [32]
4.3 Inspection runs for the spectroscopic data
Spectroscopic data was gathered over the range of SDSS-IV. There were several
data collection periods. These data sets were then evaluated in several different
runs during the time of the project. The first two runs were quite large so they were
divided into rounds according to their richness at the optical center to make the data
more manageable. The cuts for the rounds were 10 < λOPT < 20, 20 < λOPT < 30
and λOPT > 30. Only candidate cluster with richness λOPT > 10 are considered.
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Figure 29: All evaluation runs that were done for the SPIDERS catalogue. The run
date indicates when the last observations were done for that run. Runs were divided
into rounds for easier and smoother handling of the data. Selection column shows
the details for each round. Candidate numbers show both the validated and un-
validated cluster candidates. Validated components show all the validated clusters
including multiple component targets. Unique components mean the number of
validated clusters. The number of inspector available for each round is shown in
the last column. Inspectors may not have evaluate the whole rounds, but every
candidate was inspected by a minimum of two inspectors. [32]
Furthermore to make the validation process smooth and as even as possible, each
run was divided into chunks of 50 candidate clusters, which the pool of inspectors
could choose to assign themselves. Each object was required to have a minimum
of two inspectors with no maximum number. Each inspector could decide how
many of the 50 object chunks they wish to inspect. In figure 29, are the statistics
for each inspection run. The dates are the names of the runs, where the date
means when the last observations were gathered for that run. For run 2018-04-27
the fourth round had data from a previous work done in 2016 that were flagged
as incomplete initially, but were not going to be observed more due to changes in
the survey strategy and targeting. Run 2018-12-04 had, besides normally gathered
data, also clusters that needed re-inspection because the spectra processing pipeline
changed a little. All previously inspected clusters were run with the new pipeline
and clusters which had 1 or more galaxies showing a different redshift, redshift
error, or warning flag, were inspected again. The final run 2019-03-22 had all the
remaining observations including partial observations, because SDSS-IV was coming
to it’s conclusion and no more spectra would be obtained. As the final steps before
merging all the runs together, multiple component targets were handled so that the
component with the highest number of members were chosen as the main contributor
for the X-ray emission. In cases with equal number of components, the ones with
the lowest redshift were chosen. There were 14 cases where the clusters were so
close together in redshift space that they were considered possible merging clusters.
These 14 were inspected again in round 3 of run 2019-03-22. The cut between single
and multiple component was decided as 4000 km/s deviation from the component
centers. Anything closer than this, the clusters were considered as one object. The
number of candidates, validated components and unique components are shown in
figure 29 along with the number of inspectors for each run. Unique components
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mean the number of validated clusters. [32]
4.4 Construction of the SPIDERS catalogue
Construction of the SPIDERS value added catalogue (VAC) begins by concatenating
all the observations together. Some clusters were validated more than once during
the evaluation runs, because they had new observations or the pipeline changed. The
newest evaluation of duplicates was kept and the older ones discarded. redMaPPer
was run twice to create the CODEX catalogue and on a few rare cases, a cluster
would enter the validation twice with a different ID. To remove these, sky coordinates
and redshift were used to filter them out. These few clusters were manually checked
to make sure they are really the same clusters, before removing the older duplicate.
The X-ray centers from RASS data have quite poor spacial resolution, only about 2’.
For this reason, a decision was made to check all clusters that were within 5 times
R200 and 8000 km/s of each other to see if they are sharing spectroscopic member
galaxies. These clusters were visually inspected and we found out that most do
indeed share member galaxies and they were therefore listed as single objects instead
of separate ones in the catalogue.
One more check-up was done for the un-validated candidates with z < 0.3 and with
at least 4 members found in running the automated pipeline. They were inspected
again to see if they were indeed correctly un-validated. The same was done with
candidates with z > 0.3 with at least 8 automated pipeline members. Only 20 were
found with these criterion and all were deemed correctly un-validated.
Besides the optical data entering the catalogue, there is X-ray data. Measured fluxes
at 0.5-2.0 keV are included. Luminosities are calculated for the 0.1-2.7 keV band
within the aperture of the clusters 500 times critical density radius (R500c). R500c
is calculated from X-ray luminosity - mass scaling relations (LX-M) from existing
studies. Luminosities can be calculated when the distance to the target is known,
which can be estimated with the redshifts assuming a cosmological model. For
CODEX the ΛCDM model was used with H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and
Ωλ = 0.7. CODEX clusters are modelled carefully with a selection function that
takes into account properties correlating with redshift and chance identifications of
X-ray sources depending on background photons and different targeting scales.
[32][29]
4.5 Substructure in galaxy clusters
Galaxy clusters are often modelled as virialized spheres, but in reality they often have
in-fall of galaxies and possibly interactions with other galaxy clusters and groups.
In the following sections are introduced two tests that have been used in testing for
substructure in clusters and groups. The tests were done with a previous data set
of SPIDERS and not the final catalogue due to time constraints of this thesis. The
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sample had 854 clusters including multiple components.
4.5.1 Anderson-Darling test
The Anderson-Darling test (A-D test) evaluates whether two distributions match
each other. For the test, three variables are calculated. First, is A2:




(2i− 1)(lnΦ(xi) + ln(1− Φ(xn+1−i))) (24)
where xi are the ordered radial velocities of the member galaxies, n is the number
of member galaxies and Φ(xi) is the distribution the data is compared to. Second
variable for the A-D test is A2∗:







And finally the significance level α:
α = a exp(−A2∗/b) (26)
where a = 3.6789468 and b = 0.1749916.








where µ is the mean velocity and σ is the velocity dispersion. I set the limit for
the sample to be non-Gaussian as α < 5%. Relaxed galaxy clusters are believed to
follow a Gaussian velocity distribution. If the distribution is non-Gaussian, one can
assume the cluster may be experiencing interactions with other clusters or groups,
or has had a recent in-fall of galaxies. [33]
4.5.2 Dressler Shectman test
The Dressler Shectman test (DS test) evaluates whether a cluster has substructure
by taking samples of the observed data and comparing the local velocity dispersions
to the cluster velocity dispersion. Big deviations from the cluster velocity dispersion
indicate substructure. The samples consist of a galaxy and it’s nearest neighbors
in sky coordinates. In the original paper of Dressler and Shectman from 1988, they
used 10 nearest neighbors so that the local sample had 11 member galaxies. In
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more recent studies a number scaling with member galaxy counts is used instead:
Nnn =
√
Nmembers. Large cluster member counts are useful for the test’s accuracy.
With data consisting mostly of small numbers of observed member galaxies, only a
few of these galaxies will be tracing the underlying substructure. The test calculates
first a list of local values with:
δ2 = (Nnn/σ
2)[(vlocal − vmean)2 + (σlocal − σ)2] (28)
where vlocal and vmean are the local and cluster mean velocities and σlocal and σ are





Originally, a critical value was used to estimate the presence of substructure. If
the sum of the delta values divided by the number of cluster members was higher
than 1, the cluster was flagged as having substructure. A better approach, used in
later studies, is to estimate a probability instead. This probability P is calculated
by Monte Carlo shuffling. The number of shuffled samples that give a higher delta
value than the real cluster are summed together and divided by the number of
Monte Carlo iterations. If the cluster delta value is not easily obtained through
shuffling, this indicates that the substructure is real. A cluster with P lower that
5% is considered as having substructure. P is calculated as:
P =
∑
(∆shuffled > ∆observed)/nshuffle (30)
Visualizing the DS test is done through so called bubble plots, where the scale of the
"bubbles" indicate the amount of local deviation from the cluster velocity dispersion
exp δi. The bubbles are located at the spatial coordinates of the member galaxies.
Big bubbles close together are indicators of the place of substructure. Figure 30
shows an example of a bubble plot. The colors indicate the δ of each galaxy and are
used for visualization purposes only. The ∆ for this example cluster is 1.306 and
P = 0.748, which is not small enough to indicate substructure. The results of the
DS-test are discussed in section 5. [34][35]
5 Results
5.1 Value added catalogue
The catalogue was released online as a part of the SDSS-IV data release 16 (DR16).
The catalogue is the largest of it’s kind, consisting of 2740 visually inspected galaxy
clusters with 33340 individual galaxy members in them. The catalogue has the
optical properties, redshifts, dynamical properties, and X-ray properties of all the
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Figure 30: Example of a bubble plot for a SPIDERS cluster with ID 1_12405. The
colors indicate the δ of each galaxy and are used for visualization purposes only. The
size of the bubbles scales with indication of substructure. The ∆ for this example
cluster is 1.306 and P = 0.748, which strongly indicates no substructure.
validated clusters. The redshift range for the final sample is 0.016 < z < 0.677. The
uncertainty of systems depends on their redshift and typically follows ∆z/(1− z) =
6 ∗ 10−4. Clusters in the catalogue have member counts between 3 and 75. The
median number of galaxies per cluster is 10 and the mean is 12. The mean velocity
dispersion for clusters with at least 15 members is 620 km/s. [32][30]
Table 1 has an example of what the catalogue shows for the example cluster 1_10157
from figures 26 and 27. The first column of the table has keywords for the different
data. The second column describes the keywords and the third column has the
example data. Line 1 shows the SPIDERS ID for the cluster. Line 2 has the
number of validated components. Line 3 has the unique CODEX cluster candidate
identifier. Lines 4 and 5 have the CODEX X-ray detection right ascension and
declination (J2000). Lines 6 and 7 have the CODEX optical cluster center right
ascension and declination (J2000). Line 8 has the CODEX Richness λOPT centered
at the optical center. Line 9 has the CODEX photometric redshift zλ and it’s error
is on line 10. Line 11 has the number of members in the red sequence and line
12 the number of red sequence members that has gotten spectra (correct?). Line
13 has the cluster spectroscopic redshift after visual inspection and line 14 has the
uncertainty of it from bootstrap resampling. Line 15 has the dispersion of redshift
from inspections. Lines 16 and 17 have the velocity dispersions from the gapper
and bi-weight variance methods. The best velocity dispersion is shown on line 18
(choice of used method depending on the number of validated members). Line 19
shows the number of weighted members after inspection. Lines 20 shows the status
of the cluster after inspection. Lines 21 and 22 show the number of inspectors for
the candidate and the number of inspectors who validated the candidate as a galaxy
cluster. Line 23 has the luminosity in 0.1-2.4 keV band calculated within R500c and
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line 24 the uncertainty. Line 25 has the R200c radius of the cluster determined from
X-ray luminosity. Lines 26 and 27 have the X-ray flux and it’s uncertainty in the
0.5-2.0 keV band. Lines 28 and 29 are for an identifier and alternative name, if such
exists in another X-ray survey catalogue called MCXC. [32]
The success rate for identifying CODEX clusters is 100% at redshifts z < 0.3 when
a minimum of 5 cluster members have spectra from the SPIDERS program. At
higher redshifts the depth of the observations becomes the obstacle to fully identify
all sources. [29]
Figure 31: Histogram of targets plotted with redMaPPer membership probabilities.
In red is the number of CODEX members, in black all the targets submitted for
spectroscopic observations, in blue all the targets which were assigned a fiber and
the green dashed line indicates all the final validated spectroscopic members in the
SPIDERS catalogue. The final cluster members have spectra also from other sources
prior to SPIDERS especially for bright galaxies which tend to reside near the central
areas of clusters. This can be seen with the green line rising above the blue line at
high membership probabilities. Only targets with pmem > 0.05 are considered. Bin
width in the histogram is ∆pmem = 0.005. [30]
Figure 31 has a histogram of all CODEX members found from running the redMaP-
Per algorithm, targets submitted for spectroscopic observations during SDSS-IV,
targets that were "tiled", meaning the ones which got assigned a fiber in the fiber
plates, and the final validated spectroscopic members. On the x-axis is membership
probability from redMaPPer pmem and the number of targets is on the y-axis. Out
of the 158368 CODEX members less than a third (44367) were submitted and of
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Table 1: Example of the information in the SPIDERS value added catalogue. This
example has the same galaxy cluster as in figures 26 and 27.
Column Description Example
CLUS_ID SPIDERS/CODEX identification number 1_10157
NCOMPONENT Number of validated components 2
CODEX The CODEX cluster candidate unique identifier 34071
RA CODEX X-ray detection right ascension (J2000) 128.693
DEC CODEX X-ray detection declination (J2000) 26.192
RA_OPT CODEX optical detection right ascension (J2000) 128.671
DEC_OPT CODEX optical detection declination (J2000) 26.186
LAMBDA_CHISQ_OPT Richness λOPT of the CODEX optical detection 106.209
Z_LAMBDA
Photometric redshift (zλ)
of the CODEX optical detection
0.447
Z_LAMBDA_ERR Uncertainty on zλ 0.011
NMEM Number of objects in the CODEX red sequence 91
NOKZ
Number of red-sequence members
with a spectroscopic redshift
15
SCREEN_CLUZSPEC
Galaxy cluster redshift, assigned after visual
inspection
0.459
SCREEN_CLUZSPEC_ERR Bootstrap uncertainty on SCREEN_CLUZSPEC 0.00066
SCREEN_CLUZSPEC_SPREAD Dispersion in the inspection cluster redshifts 0
SCREEN_CLUZSPEC_GAP Gapper estimate of the cluster velocity dispersion 383.917
SCREEN_CLUVDISP_BWT
Square root of the bi-weight variance velocity
dispersion
352.588
SCREEN_CLUVDISP_BEST Value of the “best velocity dispersion” 383.917
SCREEN_NMEMBERS_W




Validation status of the cluster assigned by
the visual inspector
validated
NINSPECTORS Number of individual inspections for this system 2
NVALID




Luminosity in the (0.1-2.4) keV band of
the cluster, aperture R500c
3.574∗1044
ELX Uncertainty on LX0124 1.305∗1044
R200C_DEG Apparent R200c radius of the galaxy cluster 0.0697
FLUX052 Galaxy cluster X-ray flux in the 0.5-2.0 keV band 3.303∗10−13
EFLUX052 Uncertainty on FLUX052 1.206∗10−13
MCXC Identifier in the MCXC catalogue, if present n/a
ANAME Alternative name in, if present n/a
those roughly 70% were tiled up to membership probability pmem < 0.8. Higher
probability members are concentrated at the centers of cluster candidates and could
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not be assigned fibers as often even with overlapping plates as the fiber collision
radius is 62". The total number of tiled targets is 30236. Of those some were still
not observed due to technical issues, or they were discarded because they were ob-
served in SDSS-III and were deemed sufficient. The number of validated cluster
members in the SPIDERS catalogue is 33340. This number includes spectra from
other sources prior to the SPIDERS program, mainly the brightest galaxies that
tend to reside at the central regions of galaxy clusters. This effect can be clearly
seen in the rise of the green validated members curve above the blue tiled targets
curve in the histogram at high membership probabilities. [30]
The quality of the spectra was good throughout the survey with only around 1% of
spectra with a low signal-to-noise ratio warning from the automated object identi-
fication pipeline. The median signal-to-noise is above 3. The main contribution to
spectral quality is the flux of the targets, which means the lowest magnitude targets
are where the quality is poorest. The median uncertainty in clusters with a reliable
redshift fit from templates is about 20 km/s, which is sufficient since clusters have
velocity dispersion of about 100 to 1500 km/s. Less than 1% have uncertainties
over 60 km/s and only 5 clusters with uncertainty of more than 100 km/s. From
the automated photometric classification pipeline, there were 29277 targets with a
reliable non-quasi-stellar template fit. Out of these only 117 were classified as a star
at redshift zero after getting spectra and the rest were classified as galaxies. This
shows how well the photometric classification works to detect galaxies. [30]
Figure 32 shows the confirmed SPIDERS clusters in comoving coordinates. Galaxy
clusters with 5 to 15 spectroscopic members are marked with gray circles and clusters
with more than 15 members are marked with yellow circles. The circle size is an
indication of cluster X-ray luminosities. The observer in the figure is located at
the center and northern and southern skies in the left and right. The dashed circles
represent redshifts of z = 0.1, 0.3 and 0.6. It is clear to see that high redshift clusters
have much larger circle sizes, which is an observational bias called Malmquist bias
where richness correlates with redshift. [30]
One of the scientific results using the SPIDERS catalogue is a power-law fit for
the scaling relation between X-ray luminosity LX and bi-weight velocity dispersion
σBWT . For the scaling relation, only clusters with at least 15 members were used
(787 in total). The red curve in figure 33 is done by finding the best values for the
constants in equation 31. Uncertainties are calculated with resampling of member
galaxies from a denser and very clean galaxy cluster survey called HIFLUGCS. The
red dashed lines indicate 1σ uncertainties. The gray diamonds are the raw velocity
dispersion estimates and the black crosses are bias estimated values, which have
uncertainties from the same model as the 1σ except they depend on the member
counts of each cluster. The black line is a fit from the HIFLUGS sample, which is










Figure 32: Confirmed SPIDERS clusters at comoving distances. Each colored circle
is a cluster. Gray circles are clusters with 5 to 15 spectroscopic members and yellow
circles are clusters with more than 15 members. The size of the circles corresponds
to X-ray luminosities. The observer is located at the center (0,0) and the northern
and southern skies are on the left and right side respectively. The dashed circles
indicate redshifts z = 0.1, 0.3 and 0.6. [30]
Figure 34 is the X-ray luminosity function for CODEX/SPIDERS clusters. The
dots represent CODEX data and crosses SPIDERS data. The light gray data points
are for clusters in the redshift range 0.1 < z < 0.3 and the black points are for 0.3
< z < 0.6. The curve shows the Schecter function for another X-ray cluster sample
called REFLEX which is a very close to the SPIDERS sample data points. The use
of spectroscopic redshifts versus photometric redshifts does not effect the function
very much, because of large redshift bins and the slow evolution of X-ray luminosity
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Figure 33: X-ray luminosity - velocity dispersion relation for SPIDERS clusters with
at least 15 confirmed member galaxies. The red solid line is the best fit power-law.
The red dashed lines indicate 1σ uncertainties. The gray diamonds are the raw
velocity dispersion estimates and the black crosses are bias estimated values, where
uncertainties have a dependency on cluster member counts. The black line is a fit
from another galaxy cluster survey called HIFLUGS. [32]
in clusters. [30]
5.2 Results from the substructure tests
The SPIDERS galaxy cluster catalogue is the main subject of this thesis, but I also
did a small side project with an earlier version of SPIDERS data in which I studied
how well substructure can be found in the SPIDERS clusters with two different,
commonly used substructure tests.
5.2.1 Results of the Anderson-Darling test
I performed the A-D test on a small sample of SPIDERS data consisting of 853
clusters and cluster components. The test has not been done on the final SPIDERS
sample due to time constraints on the thesis. Some of the tested clusters had been
55
Figure 34: X-ray luminosity function for the SPIDERS clusters. The dots represent
CODEX data and crosses SPIDERS data. The light gray data points are for clusters
in the redshift range 0.1 < z < 0.3 and the black points are for 0.3 < z < 0.6. The
curve shows the Schecter function for another X-ray cluster sample called REFLEX
[30]
split into multiple cluster components having the same SPIDERS ID. After running
the test algorithms, the results had 771 Gaussian flags and 82 non-Gaussian flags.
The A-D test has been tested by other scientist in the past (for example Hou et al.
2009), who found it to be a good test for finding substructures in galaxy clusters.
The test performs reliably even down to n = 5, which is the minimum number of
member galaxies I used for the SPIDERS sample as well.
I also looked at how the Gaussian and non-Gaussian clusters differ compared against
different properties of galaxy clusters. I found no clear differences when compared
with redshifts, X-ray luminosities or richnesses. There is some difference in how the
Gaussian and non-Gaussian clusters compare to velocity dispersions of the clusters,
as can be seen in the shape of the histograms in figure 35. The Gaussian cluster in
this sample peak at velocity dispersion around 600 km/s, when the non-Gaussian
clusters have a much shallower peak at a slightly larger velocity dispersion value
at 700 km/s. Note that the histogram has a logarithmic scale on the x-axis. This
result is not surprising since the in-fall of galaxies and mergers or interactions with
clusters and groups of galaxies stir the clusters dynamical state.
These results are an indicator that galaxy clusters are quite often experiencing on-
going in-fall of galaxies and interactions from other groups or clusters and the A-D
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Figure 35: Gaussian and non-Gaussian clusters compared to the velocity dispersion
of the galaxy clusters. The A-D test was not done with the final SPIDERS catalogue,
but a smaller sub-sample. The test resulted in 771 Gaussian cluster flags marked
with blue and 82 non-Gaussian flags marked with orange. The peaks of the different
sub-samples have different amplitudes and the non-Gaussian clusters have slightly
larger velocity dispersions.
test can pick up on it even with mostly red sequence members. This result needs
more investigation however and would also benefit from the A-D test being run on
the full final SPIDERS sample.
5.2.2 Results from the Dressler Shectman test
For the DS test I chose to include clusters with at least 20 members. Using the
original approach from Dressler and Shectman with Bi-weight velocity dispersions
produced results that almost all clusters have substructure. I chose to use the
Gapper velocity dispersion method, which produces values of 2 and above. Getting
unrealistic amounts of substructure flags for clusters has been an issue in previous
studies using critical values. Probability values give a much more reliable result as
discussed in section 4.5.2.
I performed the test using 1000 Monte Carlo shuffles on the same small sample of
SPIDERS cluster as with the A-D test, but only 171 of those had at least 20 galaxies
and were included. I decided to test a few times to see if the results changed and
they were slightly different every time with varying number of substructure flags
- between 5 and 9 - and also some of the clusters getting a flag changed between
the runs. This clearly indicates that the test is not all that reliable for this data.
Further investigation would be needed if this test was done again with the SPIDERS
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clusters. Also the very small number of substructure flags gotten, even with the small
number of tested clusters, suggest that the test is not very useful for a sample like
SPIDERS. It seems likely that the way the SPIDERS catalogue is done, is effecting
the inclusion of substructure by excluding the galaxies with deviating velocities
already at the validation process, and also because the outer regions of clusters,
where substructure is more likely to occur, are not included in the targeting scheme
of SPIDERS.
6 Discussion and conclusions
The SPIDERS program has been a major project for many scientists and other
employees of the SDSS collaboration as part of SDSS-IV and eBOSS. The obser-
vations, data handling pipelines, validations and scientific work has continued for
several years. The result of the work is the largest X-ray selected, spectroscopic and
visually validated catalogue of galaxy clusters to date. The spectroscopic identifi-
cation of sources was done automatically. Also to help alleviate a major workload
from visual inspectors, an automated pipeline for cluster candidates was created,
which selected most likely galaxies as cluster members and created helpful visual
aids for the inspectors to base their decisions on. Most cluster candidates could
therefore be either validated or un-validated with a few clicks of a mouse and only
the more difficult cases needed adjustments from inspectors. As the visual screening
and cluster validation is done by humans, it may of course be vulnerable to the views
and opinions of the inspectors. But we believe that having at least two inspectors
for every cluster candidate and the automated cluster pre-inspection, the validation
process will be robust enough for such a large survey.
The SPIDERS value added catalogue is a massive accomplishment. Putting in the
effort of creating it can be justified with the gained precision from spectroscopic ob-
servations and the valuable visual validation, which makes it creditable. Figure 36,
shows the difference in redshift between the photometric and the spectroscopic sam-
ples. The colors are selected according to the final spectroscopic validated member
counts. In blue are the clusters with 3 ≤ z < 10 members, in green for 10 ≤ z < 15
and in red for z ≥ 15. The number of validated cluster members depends strongly on
redshift of the clusters. This is logical, because it is easier to detect smaller galaxies
nearby and also the fiber collision distance becomes more excluding to dense areas
at higher redshift. As can be seen from the figure, at higher redshift and lower
number of detected galaxies, scatter increases, but also at very low redshifts the
deviation of photometric redshifts is noticeable. The dip at low redshift is caused by
known issues of the redMaPPer algorithm at z < 0.05. The figure indicates clearly
that spectroscopic observations are indeed important for the accuracy of the red-
shift estimations especially if the number of detected cluster members are low or the
cluster is at redshifts higher than approximately 0.2. The small histograms inside
the figure show the number of clusters per redshift bins of ∆z = 0.04. The typical
improvement on uncertainties, going from photometric redshift to spectroscopic, is
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Figure 36: The difference in redshift between the photometric and the spectroscopic
samples. X-axis has the photometric redshifts from redMaPPer and the y-axis has
the SPIDERS validated spectroscopic redshifts. The colors indicate the final spectro-
scopic validated member counts. In blue are the clusters with 3 ≤ z < 10 members,
in green for 10 ≤ z < 15 and in red for z ≥ 15. The small histograms inside the
figure show the number of clusters per redshift bins of ∆z = 0.04. [32]
about a factor of 10.
For the purpose of constraining cosmological properties and studying large scale
structures of the Universe with galaxy clusters, the typically needed qualities for
catalogues are large numbers, precise observables, a wide range of redshifts and
halo masses and well understood selection effects. All these qualities are achieved
with the SPIDERS value added catalogue. The catalogue has already been used
for science, for example to define richness-mass and luminosity-mass relations for
galaxy clusters and for further defining properties of the brightest central galaxies
(BCGs) residing in the clusters. Now that the final catalogue it has been published,
it is available for all scientists to use on their own research. Research also continues
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within the SPIDERS group of astrophysicists. In other future projects it is also
possible to use the results of the SPIDERS program to further develop algorithms
and machine learning protocols for galaxy cluster surveys.
The cluster validation process was my personal main contribution to the SPIDERS
catalogue. I was one of the inspectors for almost all candidate clusters. This project
has taught me a lot about how to conduct an observational survey, how the validation
process of such a survey works and most importantly, some valuable aspects of what
is needed to be a researcher in observational astrophysics. I also became more
confident in programming with python as part of the research and of course learned
a lot more about galaxy clusters and especially the on observational side. I made
connections to many knowledgeable colleagues in the same field and will continue
my personal research later on with the help of this project.
In this thesis I have explained with detail, the process of the SPIDERS program:
large scale spectroscopic survey of galaxy clusters. I have shown what is needed
to know beforehand, what kind of steps are done in each phase of the survey and
explained the methods and algorithms used in the process. The end result is the
largest spectroscopic, visually validated catalogue of X-ray selected galaxy clusters
to date.
The SPIDERS catalogue can and already has been used for precise and meaningful
scientific research in the field of galaxy cluster astronomy. It is a powerful tool for
constraining cosmological parameters and studying various properties and evolution
of large scale structures of the Universe.
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